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Abstract
The impact of light intensity on the degree of conversion (DC), rate of polymerization and network 
structure was investigated for hydrophobic and hydrophilic dental adhesive resins. Two and three 
component photoinitiating (PI) systems were used in this study. Low light intensities had a 
negative impact on the polymerization efficiency for the hydrophilic resin with 2 component PI 
system. Incorporation of iodonium salt in the hydrophilic resin significantly improved the 
polymerization efficiency of the HEMA/BisGMA system and led to a substantial DC, even at low 
light intensities. The results suggested that shorter polymer chains were formed in the presence of 
iodonium salt. It appears that there is little or no impact of light intensity on the polymer structure 
of the 2 component PI system. Light intensity has subtle impact on the polymer structure of the 3 
component PI system. In the case of the hydrophobic resin, the polymer is so highly cross-linked 
that the presence of shorter chains for the 3 component PI system does not cause a decrease in the 
glass transition temperature (Tg) when compared to the 2 component PI system. For the 
hydrophilic resin, the presence of shorter polymer chains in the 3 component PI system reduces 
the Tg when compared with the corresponding 2 component PI system.
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INTRODUCTION
Secondary decay is a primary factor in the premature failure and limited clinical lifetime of 
moderate to large class II dental composite restorations.1 The gingival margin of the class II 
dental composite restoration is particularly vulnerable to early failure and at this margin, the 
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dentin/adhesive bond is the primary barrier to oral fluids, cariogenic bacteria, and other 
noxious agents that will undermine the composite restoration.2 Failure of the dentin/adhesive 
bond has been associated with incomplete polymerization of the adhesive monomers, 
incomplete infiltration, adhesive phase separation, and hydrolytic/enzymatic degradation.3–6
The adhesive resin separates into hydrophobic- and hydrophilic-rich phases as it infiltrates 
the wet, demineralized dentin collagen.6,7 As the resin penetrates deeper into the wet 
collagen matrix, the concentration of the cross-linker and the widely used photoinitiator 
(camphoquinone and EDMAB) decreases. The major components within the hydrophilic-
rich phase are water and the monomethacrylate, 2-hydroxyethyl methacrylate (HEMA).8,9 
The lack of photoinitiators (PI) within the hydrophilic-rich phase could compromise the 
degree of conversion (DC) of this phase.10 The limited DC could result in early failure and 
leaching of the unreacted species. Since visible light is commonly used for polymerization 
of adhesives and composites, it is important to understand the impact of light intensity on the 
polymerization of the phases that develop as a result of adhesive phase separation.
Previous investigations regarding the impact of light intensity on polymerization have 
focused primarily on the dental composite. The impact of light intensity on volumetric 
shrinkage and hardness of composite restorations has been investigated by several 
authors.11,12 Discacciati et al. demonstrated that irradiation time and light intensity, for 
example, 200 and 400 mW/cm2, had a significant effect on Vickers hardness, but these 
parameters had no effect on volumetric polymerization shrinkage of dental composite.11 
Kaban et al. showed that higher light intensity, for example, 700 mW/cm2, increases 
shrinkage which could lead to marginal gap formation.12 The effect of irradiation time, at 
low and high light intensities, as well as ramp-curing on the DC and polymerization 
shrinkage of composite restorations has been investigated.13–15 The impact of different light 
curing units (LCU) on the polymerization of commercially available composite resins has 
been studied, but the efficiency of the LCU is dependent on the spectral absorbance of the 
photosensitizer in the resins.14,16–18 In general, higher light intensity has been proposed to 
increase the mechanical properties and depth of cure of the composite resin.19 Higher light 
intensity is expected to reduce the curing time without compromising the material 
properties.
Emami et al. showed that total energy (light intensity × exposure time) is more important 
than light intensity.15 The work by Emami et al. showed that irrespective of light intensity, 
composites possessing a similar DC, Young’s modulus, and volumetric shrinkage could be 
produced as long as the total energy is the same, that is, the formation of reactive species 
depends on the number of useful photons.15 Lovell et al. investigated the copolymerization 
of 2,2 bis[4-(2-hydoxy-3-methacryloxypropoxy)phenyl] propane (BisGMA) and triethylene 
glycol dimethacrylate (TEGDMA) under various temperatures and UV light intensities.20 
Lovell and his colleagues showed that both the DC and rate of polymerization were 
enhanced with an increase in light intensity; the rate for 50/50 BisGMA/TEGDMA at 25°C 
was proportional to the light intensity raised to the power of 0.6.20 For the copolymerization 
of BisGMA and TEGDMA, a change in the light intensity did not have a significant impact 
on the network formation.21 Lovell et al. investigated the conversion and flexural strength of 
the viscous dimethacrylate system for two LCUs (QTH and PAC) at 200 and 2000 mW/
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cm2.22 The researchers concluded that the final flexural strength was independent of light 
intensity for similar final conversion.22
With a few exceptions, the work regarding the effect of light intensity on polymerization was 
conducted using dental composite resin. Ye et al. investigated the effect of light intensity on 
three commercially available dentin adhesives (Single Bond, One-up Bond F, and Adper 
Prompt) and showed that for the more hydrophilic adhesive, that is, Adper Prompt, the DC 
depended on the light intensity (60 s curing time).23 Yamamoto et al. investigated 
commercially available dentin adhesive systems and reported lower shear bond strength 
values for low light intensity, that is, 150 mW/cm2.24 These resins were rich in cross-linker 
concentration and are comparable to the hydrophobic-rich phase in the phase-separated 
dentin adhesives.
There has been limited investigation involving the effect of light intensity on the 
polymerization behavior of the hydrophilic-rich phase of dentin adhesives. Methacrylate 
hydrogels are similar in composition to the hydrophilic-rich phase and the effect of light 
intensity on the polymerization of these hydrogels has been studied.25,26 He et al. showed 
that for the methacrylic acid (MAA)/TEGDMA system, excessively high UV light intensity 
had a negative impact on the photopolymerization. Light intensity had a significant effect on 
the onset of macrogelation.25 He et al. proposed structure formation involving initiation, 
microgel, cluster formation, macrogelation, and post gelation for the MAA/TEGDMA 
system.25 Abedin et al. proposed a reaction mechanism involving polymerization- and 
solvent-induced phase separation for dilute BisGMA/HEMA system containing deuterium 
oxide (D2O).27 Previous investigation on the dilute HEMA/diethylene glycol dimethacrylate 
hydrogel showed that the reaction profiles varied as a function of the light intensity and 
increased light intensity delayed macrogelation.26
Studies have shown that light intensity varies as a function of distance from the tip of the 
LCU and the decrease in light intensity with distance had an adverse effect on the 
polymerization of composite resin.28,29 Under clinical conditions, there will be variable light 
intensity along the depth and breadth of the hybrid layer and this variable light intensity may 
impact the polymerization of the hydrophilic-rich phase. The objective of this study was to 
investigate the influence of visible light intensity on the DC, rate of polymerization and 
polymer structure of simplified model dentin adhesive resin representing the hydrophobic- 
and hydrophilic-rich phases. To eliminate the complications associated with water, that is, 
evaporation leading to variable water concentration, water was not included in the 
formulations for this investigation. The simplified model dentin adhesive resin representing 
the hydrophilic-rich phase was rich in the monomethacrylate component HEMA, 95 wt % 
and poor in the dimethacrylate component BisGMA, 5 wt %. Two types of photoinitiating 
(PI) systems, 2 components (2PI,) and 3 components (3PI), were used in this study. The 
results were compared with simplified model dentin adhesive resin representing the 
hydrophobic-rich phase. The latter consisted of 45 wt % HEMA and 55 wt % BisGMA; this 
composition is similar to a variety of commercially available dentin adhesives.30 These 
simplified formulations provide a straightforward means of studying the impact of light 
intensity on the polymerization of phases that develop as a result of phase separation in 
dentin adhesive resin.
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The monomers used in the formulations were HEMA from Acros Organics and Bisphenol A 
glycerolate dimethacrylate (BisGMA) from Polysciences, Washington, PA. The 
photoinitiators were camphorquinone (CQ) and ethyl 4-(dimethylamino) benzoate 
(EDMAB). The photoinitiators were obtained from Aldrich, Milwaukee, WI. The 
composition of the 2PI system is CQ and EDMAB. The accelerator, Diphenyliodonium 
hexafluorophosphate (DPIHP), which acts as the third component in the 3PI system, was 
also from Aldrich, Milwaukee, WI.
The hydrophilic formulation (HB95NR) was prepared by adding photoinitiators, CQ and 
EDMAB, to the desired quantity of HEMA. BisGMA was added to the solution to achieve a 
mass ratio of HEMA to BisGMA of 95/5. The mixture was agitated overnight until a 
homogeneous solution was obtained. In the case of the 2PI system, the photoinitiators were 
added such that there was 0.5 wt % of CQ and EDMAB each in the solution; the 
concentrations were based on the total mass of the solution. For the 3PI system, in addition 
to the CQ and EDMAB, 0.5 wt % DPIHP was also added.
The hydrophobic resin (HB45NR) was prepared similar to the approach described above but 
the mass ratio for HEMA to BisGMA was 45/55. There were four types of formulations, two 
hydrophilic and two hydrophobic. The compositions are given in Table I. Three samples 
were prepared for each formulation.
The formulation name HBxNRyPI means that the formulation contains x wt % of HEMA 
and (100 − x) wt % of BisGMA, HB stands for HEMA/BisGMA, NR means neat resin, y = 
2 or 3 based on the type of PI system.
Polymerization kinetics study
The polymerization kinetics study was carried out using Perkin-Elmer Spectrum 400 Fourier 
transform infrared spectrophotometer (FTIR) with a resolution of 4 cm−1 in the ATR 
sampling mode.23,30 A time resolved spectrum collector allowed in-situ monitoring of the 
photopolymerization reaction. For each formulation, 30 μL was placed on the ATR crystal 
and covered with a plastic coverslip. The edges of the coverslip were sealed to prevent 
diffusion of oxygen from the environment; oxygen diffusion could interfere with the 
polymerization reaction. The sample was cured for 40 s using a dental curing light unit 
(Spectrum® 800, Dentsply, Milford, DE). The kinetic study for each formulation was carried 
out by curing the samples at different light intensities, that is, 25, 50, 100, 229, 455, and 679 
mW/cm2.
The halogen LCU, used in this study, has a broad emission spectrum with peak wavelength 
at 488 nm.31 It has a built in system that allows the operator to vary the light intensity from 
300 to 800 mW/cm2. To achieve light intensities of 25, 50, and 100 mW/cm2 the distance 
between the tip of the LCU and sample was varied. The first step was to determine the 
distance between the tip of the LCU and the visible light intensity meter that led to a reading 
of 25, 50, or 100 mW/cm2. The distance between the tip of the LCU and the meter was 
recorded. The tip of the LCU was then set at the appropriate distance from the sample on the 
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ATR crystal to obtain intensities of 25, 50, or 100 mW/cm2. For the remaining intensities, 
the LCU was set at 300, 550, or 800 mW/cm2 and the corresponding intensities were read by 
using the visible light intensity meter. The readings of the intensity meter are given in Table 
II. The polymerization kinetics of the hydrophobic resin was monitored in-situ for 1 h and 
for the hydrophilic resin it was 2 h. The ratio of the absorption of C═C at 1637 cm−1 to 
C═O at 1716 cm−1 was monitored and Eq. (1) was used to calculate the DC. For each 
formulation, the polymerization kinetics at each light intensity was monitored in triplicate.
(1)
In the case of the hydrophilic resins, the final DC was measured using pan samples. The neat 
resins were placed into low-mass aluminum DSC pans and the pan was covered with a 
coverslip following transfer of the sample into the pan. The sample was cured at the desired 
light intensity for 40 s. For each formulation, three samples per light intensity were 
prepared. The pan samples were stored in the dark at room temperature for 24 h before 
removing the coverslip. The ratio of the absorption of C═C at 1637 cm−1 to C═O at 1716 
cm−1 was measured for the top and bottom surfaces of each pan sample using FTIR-ATR. 
The DC was calculated using Eq. (1). The sample size for the polymerization kinetics study 
and final DC using pan samples was 3 for each intensity.
Differential Scanning Calorimetry (DSC) Study
The variation of polymer structure when cured at different light intensities was investigated 
for both hydrophobic and hydrophilic resins using DSC. Pan samples were prepared similar 
to the approach described above. The samples were kept in the dark for 24 h at room 
temperature before removing the coverslip. After 24 h, the samples were stored in a vacuum 
chamber at 37°C. The mass of the samples was measured at specific time intervals until the 
difference in the consecutive mass was < 0.0003 g. The hydrophobic resin samples were 
cured at intensities of 100, 229, 455, and 679 mW/cm2. For the hydrophilic resins, the 
samples were cured at all six intensities (Table IV). Storing the samples in a vacuum 
chamber at higher pressure ensured that there was minimum unreacted monomer in the 
samples before the DSC test.
Modulated Temperature DSC was carried out using TA instruments Q200 DSC.27,30 
Temperature was modulated sinusoidally with an amplitude of 2°C every 60 s in the 
presence of purged nitrogen gas at a flow rate of 40 mL/min. The temperature was varied 
from −10 to 200°C. Samples were heated and cooled at 3°C/min. Two heating/cooling 
cycles were carried out for each sample. The results were analyzed using Universal Analysis 
software (TA Instruments, New Castle, DE). The glass transition temperature (Tg) for the 
second cycle was analyzed. This analysis provided insight into the overall average 
characteristics of the structure of the polymer. The sample size for DSC analysis was 3 per 
intensity for the hydrophobic resin polymers and 6 per intensity for the hydrophilic resin 
polymers.
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The differences in DC, rates of polymerization and Tg at various light intensities for each 
formulation were evaluated using one-way analysis of variance (ANOVA) and two sample t 
test at α =0.05. The statistical analysis was carried out using Microcal Origin (Version 6.0, 
Microcal Software, Northampoton, MA).
RESULTS
Polymerization kinetics
The DC was substantial for the hydrophobic-rich phase at all of the light intensities. In the 
case of HB45NR2PI, there was no statistically significant difference in DC at 1 h for 
samples cured at different light intensities. The rate maxima varied significantly with light 
intensity (one-way ANOVA, p < 0.0001) for both HB45NR2PI and HB45NR3PI. Significant 
differences in DC at 1 h were observed for HB45NR3PI samples (one-way ANOVA, p < 
0.0001) cured at different light intensities. Figure 1 shows the representative results from the 
kinetic study for the hydrophobic resins. The rate maxima (Rmax) showed a trend of 
increasing with increasing light intensity for HB45NR2PI until 455 mW/cm2 and beyond 
this the rate maxima reached a plateau.
For HB45NR3PI, the rate maxima showed a relative increase with light intensity until 229 
mW/cm2. For light intensities >229 mW/cm2, the rate maxima decreased and reached a 
plateau [Figure 1(e)]. There was no significant difference between rate maxima at 455 and 
679 mW/cm2 (Two sample t test, p < 0.05). There was a relative decrease in DC at 1 h when 
the light intensity exceeded 229 mW/cm2.
A statistically significant difference in the DC and initial rate maxima for various light 
intensities was seen for the hydrophilic resin with both the 2PI and 3PI systems (one way 
ANOVA, p < 0.0001). Figure 2 shows representative results from the kinetic study for both 
HB95NR2PI and HB95NR3PI. For HB95NR2PI, there was a relative increase in DC at 2 h 
post curing until 455 mW/cm2. For the light intensity 679 mW/cm2 there was a relative 
decrease in DC at 2 h post curing. At lower light intensities, that is, 25, 50, and 100 mW/
cm2, the DC at 2 h was suboptimal for HB95NR2PI. The initial rate of polymerization 
exhibited an increasing trend until 229 mW/cm2, beyond this the initial rate maxima reached 
a plateau. Post polymerization was observed for the hydrophilic resins with both the 2PI and 
3PI systems. For HB95NR2PI, secondary rate maxima was observed only at higher light 
intensities, that is, 229, 455, and 679 mW/cm2 [Figure 2(b)]. A statistically significant 
difference in secondary rate maxima with light intensity (one-way ANOVA, p < 0.0002) was 
observed for HB95NR2PI. An increasing trend in the secondary rate maxima was seen until 
455 mW/cm2 and for intensities higher than 455 mW/cm2, the secondary rate maxima 
decreased [Figure 2(f)].
For the hydrophilic resin with 3PI, the DC was substantial at all light intensities. At 2 h, 
there was a trend of increasing DC with an increase in light intensity until 100 mW/cm2. At 
higher light intensities, there was no statistically significant difference in DC (Two sample t 
test, p < 0.05). The initial rate maxima showed a trend of increasing with an increase in light 
intensity [Figure 2(e)].
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Secondary rate maxima were observed for HB95NR3PI at all the intensities studied here. 
The secondary rate maxima appears earlier with increasing light intensity in the case of the 
3PI hydrophilic resin. There was a statistically significant difference in the secondary rate 
maxima with light intensity (one-way ANOVA, p < 0.0001). An increasing trend in the 
secondary rate maxima with light intensity was seen until 229 mW/cm2 and at higher 
intensities, the rate reached a plateau [Figure 2(f)]. No significant difference was observed in 
the secondary rate maxima at intensities higher than 100 mW/cm2 (Two sample t test, p < 
0.05).
The DC and rate maxima for resins containing 3PI were much higher when compared to the 
corresponding resins with 2PI (Table III). The impact of the 3PI system on the hydrophilic 
resin was significant. Substantial DC (at 2 h) and secondary rate maxima were observed at 
low intensities 25, 50, and 100 mW/cm2 for the 3PI hydrophilic resin. The initial rate 
maxima for the 2PI and 3PI hydrophilic resins were of the same order but the secondary rate 
maxima was much higher for the 3PI.
Figure 3 shows the final DC (at 24 h) at various light intensities for the 2PI and 3PI 
hydrophilic resin pan samples. There was a statistically significant difference (one-way 
ANOVA, p < 0.05) in final DC for pan samples cured at various light intensities for the 2PI 
hydrophilic resin pan samples. An increasing trend in the final DC was noted with an 
increase in light intensity for the hydrophilic 2PI resin. At low light intensities (25, 50, and 
100 mW/cm2) the DC (at 24 h) of the pan samples was higher than the corresponding 
samples from the kinetic study; the kinetic study was conducted for a period of 2 h vs. 
measurement carried out at 24 h post curing for the pan samples. The DC for the pan 
samples cured at low intensities (25, 50, and 100 mW/cm2) was still lower than the 
corresponding samples cured at higher intensities. These results indicate that light intensity 
has an impact on the final DC for the hydrophilic 2PI resin. For light intensities 229 and 455 
mW/cm2, the DC for the samples in the kinetic study and pan samples were similar in the 
case of the 2PI hydrophilic resin. At very high light intensity, for example, 679 mW/cm2, the 
DC at 2 h from the kinetic study was observed to be lower compared to the DC of pan 
samples at 24 h.
For the 3PI hydrophilic resin, the DC was similar for corresponding samples in the kinetic 
study and pan samples. A statistically significant difference in final DC of pan samples for 
various light intensities was observed in the case of HB95NR3PI (one-way ANOVA, p < 
0.05). A relative increase in final DC was noted with an increase in light intensity for the 3PI 
hydrophilic resin.
Determination of Tg
The polymer structure of the hydrophobic and hydrophilic resins was studied using DSC. 
Figure 4 exhibits the variation of Tg with light intensity for the resins studied here. Figure 4 
exhibits an average of all the samples per intensity for each formulation. Table IV, 
summarizes the Tg of HB45NR2PI, HB45NR3PI, HB95NR2PI, and HB95NR3PI for the 
second heating/cooling cycle.
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There was no statistically significant difference in Tg with light intensity for the 2PI 
hydrophobic resins (one-way ANOVA, p < 0.05). There was also no statistically significant 
difference in the Tg with light intensity for the 2PI hydrophilic resins (one-way ANOVA, p < 
0.05). These results suggest that light intensity has little impact on the Tg for the 2PI resins 
if the samples have had sufficient time for postpolymerization.
There was a statistically significant difference in the Tg for the 3PI hydrophobic resins cured 
at various light intensities (one-way ANOVA, p < 0.05). For the hydrophobic 3PI resin, the 
Tg showed a slight increase with light intensity. There was a significant difference (one-way 
ANOVA, p < 0.0001) in the Tg of HB95NR3PI samples cured at various light intensities.
Comparing the corresponding Tg of the 2PI and 3PI samples for the hydrophobic resins, it 
can be seen that there is a trend of Tg being slightly higher for the 3PI than that for 2PI. 
Comparing the corresponding Tg of the 2PI and 3PI samples for the hydrophilic resins, there 
is a trend of Tg being slightly lower for the 3PI as compared with the 2PI system.
DISCUSSION
The radical generation rate (Ri) increases with light intensity as given by the following Eq. 
(2).22
(2)
where ϕ is the initiator efficiency, [A] is the initiator concentration, b is the thickness of the 
sample, ε and I0 are the extinction coefficient of the initiator and light intensity in light 
quanta per second, respectively. In this study, for each PI system, [A], b, and ε remained the 
same but the light intensity was varied. The initiator efficiency, ϕ, was much higher for the 
3PI system compared with the 2PI system.
The rate of propagation for polymerization is proportional to the monomer radicals and the 
formation of monomer radicals is dependent on the rate of generation of the initiator 
radicals. Lovell et al. showed a power law relation between the rate of polymerization and 
light intensity for the BisGMA/TEGDMA system.20 Increasing light intensity enhances 
radical generation, which enhances the rate of polymerization. The kinetic study for the 
hydrophobic resin was conducted for 1 h because it was observed previously that 1 h was 
sufficient for the hydrophobic resins to reach the final DC.32 Results from an earlier study 
showed that the hydrophilic resin exhibited lower polymerization efficiency compared with 
the hydrophobic resin,10 therefore the kinetic study for the hydrophilic resin was conducted 
for 2 h instead of 1 h. Since some of the hydrophilic samples continued to polymerize after 2 
h, additional study was carried out with pan samples for the hydrophilic resins to determine 
the DC at 24 h.
The radical generation rate is expected to be much higher for the 3PI system than the 2PI 
system since the terminating ketyl radical, after abstraction of hydrogen from tertiary amine, 
is replaced by the phenyl radical following oxidation of the ketyl radical by DPIHP.33 The 
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oxidation regenerates CQ which can again absorb photon and the generated phenyl radical is 
active in initiation.33 The aminoalkyl radical also undergoes oxidation to generate phenyl 
radicals. The consumption of both aminoalkyl and ketyl radicals reduces back electron 
transfer within the CQ/EDMAB exciplex.33 These events may lead to generation of radicals 
in higher concentration in the 3PI system as compared to the 2PI system. Therefore, ϕ in Eq. 
(2) will be much higher for 3PI system.
An increasing trend in rate maxima with increasing light intensity until 455 mW/cm2 had no 
impact on DC at 1 hr for HB45NR2PI. For HB45NR3PI, it is possible that at higher light 
intensities, the generation of radicals becomes too high and the viscous system may cause 
the radicals to become trapped in close proximity. This could cause the radicals to terminate 
each other reducing the concentration of effective radicals at higher light intensities. The 
decrease in rate maxima after 229 mW/cm2 for HB45NR3PI could be attributed to the 
termination of radicals by each other. It is possible that the termination could result in a 
constant concentration of the effective radicals for intensities 455 and 679 mW/cm2, causing 
the rate maxima to plateau. The same phenomenon could explain the rate maxima reaching 
plateau beyond 455 mW/cm2 for HB45NR2PI. The decreasing trend of DC at 2 h for light 
intensity beyond 229 mW/cm2 in case of HB45NR3PI could be due to the termination of 
radicals.
HB95NR2PI is a low viscous system allowing movement of radicals during and after 
autoacceleration. Therefore, HB95NR2PI does not experience the restricted movement of 
the reactive species as in HB45NR2PI. As a result, the termination rate is higher in 
HB95NR2PI compared with HB45NR2PI. In HB45NR2PI, the radicals experience restricted 
movement due to higher viscosity and crosslinking reducing the termination rate. This 
accounts for the high initial polymerization rate in HB45NR2PI compared to HB95NR2PI 
although both formulations contain the same concentration of photoinitiators.
At low light intensity, the generation of radicals is much lower and because termination is 
higher for HB95NR2PI compared with HB45NR2PI, the concentration of effective radicals 
taking part in polymerization decreases. The low concentration of effective radicals could 
lead to suboptimal DC at 2 h for light intensities of 25, 50, and 100 mW/cm2. For 
HB95NR2PI, the effective number of radicals increase with increasing light intensity, 
leading to an increasing trend in the initial rate maxima until 229 mW/cm2. Hence, the DC 
at 2 h post curing from the kinetic study also exhibited an increasing trend until 455 
mW/cm2 for HB95NR2PI.
Secondary rate maxima in the hydrophilic system is associated with the formation of 
microgels.10,27,34 The absence of secondary rate peaks for HB95NR2PI at lower light 
intensities could be due to the low concentration of effective radicals. There may not be a 
sufficient quantity of radicals to initiate a secondary gel effect within the microgels at low 
light intensities for HB95NR2PI. At higher light intensities, the increasing trend in the 
secondary peak with light intensity could be due to an increase in the concentration of 
effective radicals. For HB95NR2PI, it is possible that at very high light intensity, for 
example, 679 mW/cm2, there is an excessive number of radicals trapped within the 
microgels following initial rate maxima. This phenomenon would enhance termination and 
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reduce the availability of effective radicals within the microgels. The reduced concentration 
of effective radicals within microgels could lead to a decrease in the secondary gel effect and 
hence the secondary rate maxima would be reduced at 679 mW/cm2. These events could 
account for the lower DC for this light intensity at 2 h.
The final DC, which was measured at 24 h post curing, was higher for the pan samples as 
compared with the samples from the kinetic study. This difference was noted especially at 
low light intensities. Unreacted radicals remain trapped within the polymer system. These 
unreacted radicals are responsible for the post polymerization reaction that occurs in the 
dark and hence the final DC (at 24 h) is higher.35,36 Despite post polymerization, the DC for 
HB95NR2PI at lower light intensities was still much lower than that at higher light 
intensities. These results suggest that lower light intensity exhibits an adverse impact on the 
polymerization efficiency of hydrophilic 2PI resin. For HB95NR2PI, the final DC showed a 
trend of increasing with an increase in light intensity; these results suggest that there is an 
increase in the radicals available to participate in the postpolymerization with increasing 
light intensity. The results from the kinetic study and pan samples indicate that for 
HB95NR2PI, very high light intensity, for example, 679 mW/cm2 slows the secondary gel 
effect and a lower DC is observed at 2 h post curing but the remaining radicals are sufficient 
to continue the reaction causing a higher final DC at 24 h. A similar result of slower 
secondary peak at high intensity was also observed for the MAA/TEGDMA system.25
In the case of the HB95NR3PI, the generation of radicals was much higher than the 
corresponding samples prepared with the 2PI system. This could account for the higher 
initial and secondary rate maxima for HB95NR3PI and the presence of secondary rate 
maxima at lower light intensities, for example, 25, 50, and 100 mW/cm2. Despite the 
possibility of enhanced termination when excess radicals are generated at higher light 
intensity, it appears that the concentration of effective radicals increases with increasing 
curing light intensity for HB95NR3PI. Hence, there is an increase in initial and secondary 
rate maxima with increasing light intensity for HB95NR3PI. For HB95NR3PI, the DC at 2 h 
from the kinetic study increased until 100 mW/cm2 and there was minimal difference in the 
DC at 2 h post curing for light intensities >100 mW/cm2. In contrast, the final DC from the 
pan samples for this formulation showed a relative increase with light intensity. Although the 
final DC increases with light intensity, the DC for corresponding samples in the kinetic 
study and pan samples were similar, indicating that the 3PI hydrophilic resin reaches almost 
complete conversion in 2 h. The results suggest that the effective radicals remain within the 
polymer network for further postpolymerization and the concentration of these remaining 
radicals could be higher at increased light intensities. This could contribute to an increase in 
the final DC for the HB95NR3PI pan samples with an increase in the light intensity. The 
extensive difference between the secondary rate maxima of 2PI and 3PI hydrophilic resins 
indicated that the excess radicals, which were generated due to the presence of iodonium 
salt, mostly contributed to the secondary gel effect within the microgels.
For the 2PI hydrophobic and hydrophilic resins, increasing light intensity did not have a 
significant effect on the Tg. These results suggest that increasing light intensity had little or 
no effect on the cross-linking density for these formulations. Similar results were suggested 
for the BisGMA/TEGDMA system.21 For HB45NR3PI, although increasing light intensity 
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showed a significant effect on Tg, the differences in Tg at various light intensities was 
minimal, indicating that there were slight differences in crosslinking density among the 
samples. The corresponding Tg was higher for HB45NR3PI compared to HB45NR2PI.
Lovell et al. reported that an increase in initiation rate led to shorter kinetic chain length and 
this may impact the network structure.21 Since the 3PI system generates a higher 
concentration of radicals which leads to a higher initiation/secondary rate, it is possible that 
the kinetic chains are shorter for this system as compared to the corresponding 2PI system. 
However, HB45NR3PI polymerizes to an intensely cross-linked structure and thus, the 
results suggest that the short chains did not impact the network significantly. The higher Tg 
of the HB45NR3PI may be attributable to differences in the crosslinking density of 
HB45NR3PI as compared with HB45NR2PI. For HB45NR3PI shorter chains do not impact 
the Tg adversely since the formulation contains a high concentration of the multifunctional 
monomer, BisGMA. The high concentration of BisGMA potentially leads to a highly 
crosslinked structure. For the viscous hydrophobic resins, Tg could be dominated by the 
cross-linking density. This phenomenon was also reported by Lovell et al. for BisGMA/
TEGDMA.21 For HB45NR3PI, slight increase in Tg with light intensity suggests slightly 
enhanced cross-linking density.
There is an overall trend of decreasing Tg for HB95NR3PI as compared with the 
corresponding samples for HB95NR2PI. It is possible that for a system with low viscosity 
and a high concentration of the monofunctional monomer, the chain length could impact the 
network structure. For such a system, the Tg could be dominated by the chain length. The 
initiation/secondary rate of the hydrophilic 3PI system is higher than the 2PI hydrophilic 
system; the difference in the rate could lead to shorter chain lengths for the hydrophilic 3PI 
system. The presence of shorter chains in a system, which contains mostly linear chains with 
limited cross-linking could reduce the Tg. Moreover, it is possible that the high rate of 
polymerization in the HB95NR3PI system could promote intramolecular cyclizations, which 
could account for its higher DC compared with HB95NR2PI. Intramolecular cyclizations do 
not contribute to an increase in the cross-linking density and could cause the overall average 
cross-linking density to be lower for HB45NR3PI compared with HB95NR2PI. He et al. 
also found that faster polymerization rate enhanced intramolecular cyclizations for low 
viscous MAA/TEGDMA with 50 wt % solvent.25 An increase in the light intensity may 
have very little effect on the chain length or cross-linking for HB95NR2PI. Therefore, for 
HB95NR2PI system with mostly linear polymer chains, the Tg remains almost the same 
irrespective of the light intensity. For HB95NR3PI, the Tg was similar among samples cured 
at various light intensities indicating subtle differences in the polymer structures.
The presence of two Tgs during the first heating/cooling cycle of the DSC study of the 
hydrophilic and hydrophobic resins (unpublished data) indicate the presence of two different 
phases (higher cross-linked and lower cross-linked regions). The presence of two phases 
(microgel and matrix) for the hydrophilic resin system was also proposed by Abedin et al.27
The DSC results support formation of shorter polymer chains for the 3PI samples as 
compared to the corresponding 2PI samples. The polymer from the hydrophobic 3PI resin 
could possess shorter chains but higher cross-linking density as compared with the 
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corresponding polymer from the 2PI hydrophobic resin. According to the DSC study, the 
polymer from the 3PI hydrophilic resin could have shorter chains, more cyclizations, slightly 
lower cross-linking density compared to the corresponding polymer from the 2PI 
hydrophilic resin. Based on the DSC results schematics of comparative network structure for 
the four different polymers have been proposed in Figures 5 and 6.
Since the samples for kinetic study represent a thin film, dissolved oxygen, especially within 
the hydrophilic resin, could interfere with the polymerization. This study indicates that the 
viscous hydrophobic resin, rich in multifunctional monomer, undergoes a substantial DC 
within a short period of time (in a few minutes) irrespective of the light intensities. For the 
hydrophilic 2PI samples, the suboptimal DC at 2 h post curing at lower light intensities, 
indicate that the light intensity could significantly impact the polymerization efficiency. 
Although previous investigations have shown that the efficiency of polymerization of dentin 
adhesive hydrophilic 2PI system is lower than the hydrophobic 2PI system,10 this study 
shows that decreased light intensity significantly lowers the polymerization efficiency of the 
dentin adhesive hydrophilic 2PI system. Incorporation of iodonium salt to the BisGMA/
HEMA based dentin adhesive hydrophilic resin significantly improved the polymerization 
efficiency, leading to a substantial DC at 2 h post curing even at lower light intensities.
This study provides important information related to the polymerization of the hydrophilic-
rich phase and shows how the variable light intensity could impact the hydrophilic-rich 
phase. The light intensity will vary along the length and breadth of the hybrid layer. 
Although iodonium salt could improve the DC of BisGMA/HEMA based hydrophilic resin 
at low light intensities, the resultant polymer will be susceptible to degradation due to 
shorter chain lengths and lower cross-linking density. Incorporation of hydrophilic 
multifunctional monomers to dentin adhesive formulations could overcome these limitations 
by enhancing the crosslinking density. It should be noted that the impact of the iodonium 
salt on the polymerization reaction depends on the type of monomers present in the system. 
It was found that the iodonium salt failed to enhance the photopolymerization in the 
presence of methacrylate phosphonic acid monomers.37 From the range of intensities studied 
here, the appropriate light intensity to obtain substantial DC with good polymerization 
efficiency for hydrophilic 2PI resin is in the range 229–679 mW/cm2. Both the hydrophobic 
resins and hydrophilic 3PI resin yield substantial DC with good efficiency at all of the light 
intensities studied here.
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Representative polymerization kinetics result for the hydrophobic resin. (a, b) 2PI system. 
(c, d) 3PI system. (e) Variation of rate maxima, Rmax with light intensity for the hydrophobic 
resin 2PI system and 3PI system. (f) Impact of light intensity on DC at 1 h for hydrophobic 
resins.
Abedin et al. Page 15














Representative polymerization kinetics result for the hydrophilic resin. (a, b) 2PI system. (c, 
d) 3PI system. (e) Variation of initial rate maxima, Rmax with light intensity for the 
hydrophilic resin 2PI system and 3PI system. (f) Variation of secondary rate maxima with 
light intensity for the hydrophilic resin. (g) Impact of light intensity on DC at 2 h for 
hydrophilic resins.
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Final DC for hydrophilic resin 2PI and 3PI obtained from pan samples stored in the dark for 
24 h.
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Variation of Tg with light intensity for (a) HB45NR2PI, (b) HB45NR3PI, (c) HB95NR2PI, 
and (d) HB95NR3PI.
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Schematic showing possible network structure for (a) HB45NR2PI (b) HB45NR3PI. The 
3PI hydrophobic system could have shorter chain lengths compared with their corresponding 
2PI hydrophobic system. The polymer from the hydrophobic 3PI resin (HB45NR3PI) could 
have higher cross-linking density than that from the HB45NR2PI.
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Schematic showing possible network structure for (a) HB95NR2PI and (b) HB95NR3PI. 
The 3PI system could have shorter chain lengths compared with their corresponding 2PI 
system. The possibility of formation of cyclization is higher for HB95NR3PI compared with 
HB95NR2PI.
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TABLE I
Composition of Monomethacrylate and Dimethacrylate Monomers in the Formulations
PI component Name % wt HEMA % wt BisGMA
2PIa HB45NR2PI 44.96 ± 0.03 55.04 ± 0.03
HB95NR2PI 94.96 ± 0.06 5.04 ± 0.06
3PIb HB45NR3PI 45.00 ± 0.01 55.00 ± 0.01
HB95NR3PI 94.98 ± 0.01 5.02 ± 0.01
a
Two component PI system contains 0.5 wt % camphoquinone (CQ) and EDMAB each.
b
Three component PI system contains 0.5 wt % camphoquinone (CQ), EDMAB and iodonium salt (DPIHP) each.
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TABLE II
Light Intensity Setting on the LCU and Corresponding Intensity Reading on the Visible Light Intensity Meter
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